Semiconductor nanocrystals have the potential for a range of applications in optoelectronics and nonlinear optics. As the surface-to-volume ratio increases, surface emission processes become more important. Using infrared (IR) and photoluminescence (PL) spectroscopy, we have developed a unified model for the acceptor and intragap surface states of ZnO nanocrystals. A PL peak was observed at 2.97 eV, in agreement with an acceptor level previously observed in the IR (Teklemichael et al 2011 Appl. Phys. Lett. 98 232112). The temperature dependence of the IR absorption peaks, which correspond to a hole binding energy of 0.46 eV, showed an ionization activation energy of only 0.08 eV. This activation energy is attributed to thermal excitation of the hole to surface states 0.38 eV above the valence band maximum. Therefore, while the acceptor is deep with respect to the bulk valence band, it is shallow with respect to surface states. A strong red PL emission centered at 1.84 eV, with an excitation onset of 3.0 eV, is attributed to surface recombination.
(Some figures may appear in colour only in the online journal) Zinc oxide (ZnO) has attracted substantial attention as a material for optoelectronic devices. Its wide band gap (3.4 eV) and large exciton binding energy (60 meV) [1] could pave the way for efficient exciton ultraviolet (UV) emission at room temperature [2] . ZnO is among the most promising candidates as a blue light emitting material [3] , a viable alternative to GaN as a UV light source [4] , and as a transparent conductive oxide [5] in solar cells [6] . The size dependence of the optical properties allows for novel applications [7] by tuning the band gap [8] . The high surface-to-volume ratio makes nanocrystals sensitive to the environment [9] , useful for gas sensing applications. The nanocrystal surface can also introduce electronic states that dramatically affect the optical properties.
Challenges in producing reliable p-type doping remain a pivotal topic in ZnO research [10] . Recent theoretical [11] and experimental [12] results showed that nitrogen, once thought to be a hydrogenic acceptor, is actually a deep acceptor with significant lattice relaxation. Our previous work provided evidence that ZnO nanocrystals contain acceptors as-grown [13] . The position of acceptor levels could be especially important at the interface between metals and ZnO nanocrystals, which have been reported to exhibit large second harmonic generation [14] .
In this paper, we present experimental evidence, using infrared (IR) and photoluminescence (PL) measurements, which allows us to determine the acceptor level along with the intragap surface states responsible for red luminescence centered around 1.84 eV.
ZnO nanoparticles were synthesized by a solid-state pyrolytic reaction process [15] [16] [17] . Zinc acetate dihydrate (Zn(CH 3 COO) 2 ·2H 2 O, 99.999%) and sodium hydrogen carbonate (NaHCO 3 , 99.998%) were reacted at 200
• C for 3 h in an open-air furnace. Transmission electron microscopy indicated that the particles have an average diameter of ∼20 nm [16] . The particles were pressed into pellets 7 mm in diameter with a thickness of 0.25 mm. IR spectra were obtained with a Bomem DA8 Fourier transform IR spectrometer with a KBr beamsplitter and liquid-nitrogen cooled InSb detector. Low temperature measurements were performed in an attached closed-cycle liquid-helium cryostat capable of reaching 10 K. PL experiments utilized a JYHoriba FluroLog-3 spectrometer consisting of double-grating excitation and emission monochromators (1200 grooves mm (1)). Inset: IR absorption spectra of an acceptor peak, showing a decrease with temperature.
xenon CW lamp with an instrumental correction for the wavelength-dependent PMT response, grating efficiencies, and the variation in the output intensity from the lamp. The IR and PL spectral resolutions were 2 cm −1 and 1-3 nm, respectively. Previous work [13] showed a low temperature (10 K) series of IR absorption peaks, in the energy range of 0.425-0.457 eV, for the as-grown ZnO nanoparticles. The result was characteristic of a hydrogenic acceptor spectrum with a hole binding energy of 0.4-0.5 eV. These peaks were assigned to transitions to excited states with holes originating from the A and B valence bands. Although the identity of the acceptor was not determined, electron paramagnetic resonance measurements suggested that it may be a vacancy complex. Figure 1 shows the temperature dependence of the integrated area for one of the IR peaks, indicating consistent results upon cooling and warming the sample. The inset shows the IR peak, corresponding to a hydrogenic excited state, decreasing with temperature. The disappearance of the peak at high temperatures is evidence of thermal ionization of the acceptors. The solid line is a fit according a Boltzmann distribution function,
where α 0 is a constant, g is a degeneracy factor, E is an activation energy, k B is the Boltzmann constant and T is temperature (K). The fit yields E = 0.08 ± 0.006 eV and g = 176 ± 67. The activation energy E is much lower than the hole binding energy of 0.46 eV. We propose that the holes are thermally excited from the acceptor ground state to a band of surface states that lies 0.38 eV above the valence-band maximum (figure 2). This model is qualitatively consistent with ab initio calculations that predict the existence of surface states 0.5 eV above the valence-band maximum [18] . According to our model, the acceptor is deep (0.46 eV) with respect to the bulk valence band but shallow (0.08 eV) with respect to the surface states. Since we are measuring the integrated area of the IR peak, broadening due to electronphonon coupling should not affect the results. However, we cannot rule out the possibility that some of the decrease in absorbance is due to thermal activation of phonon modes.
The inset of figure 3 shows a low temperature (10 K) PL emission spectrum at an excitation wavelength of 375 nm (3.31 eV), for the as-grown ZnO nanocrystals. We observed a broad red emission band centered around 675 nm (1.84 eV), similar to the red luminescence observed in ZnO nanowires [19] . By measuring the intensity of the PL as a function of nanowire radius, Shalish et al [19] provided evidence that the red emission originates from surface recombination. In the present work, a photoluminescence excitation (PLE) spectrum (figure 3) was obtained by measuring the red emission band (at 650 nm) as a function of excitation energy. An onset is observed at 3.0 eV. This feature is consistent with photon energies >3.0 eV exciting electrons from the surface states to the conduction band. The electrons then fall into surface states in the upper part of the gap and recombine with the holes, resulting in red emission. Photon energies <3.0 eV excite electrons into the upper surface states, but with a reduced efficiency due to the low density of states.
In general, surface states may involve defects and impurities. Hydroxides on the surface of ZnO nanocrystals [20] , for example, have been correlated with green emission [21] . The previously mentioned surface states, calculated to be 0.5 eV above the valence band, arise from oxygen-deficient surfaces [18] . However, there is also theoretical evidence that the surface states may be intrinsic. Calculations by Kresse et al [22] show that valence-band and conduction-band surface states originate from the (0001) O-terminated and (0001) Zn-terminated ZnO surfaces, respectively. The surface valence band is quite flat, consistent with our model in figure 2. 1 A complete energy-level picture would be likely to involve a complex mixture of bulk, interface, and surface states. Figure 4 shows a low temperature (10 K) PL spectrum of ZnO nanocrystals under an excitation wavelength of 325 nm. Peaks in the near-band-gap range of 3.18-3.35 eV have previously been attributed to bound excitons and their phonon replicas. The PL peak at 3.35 eV is due to the neutral donor bound exciton (D 0 , X) [23] [24] [25] . Low temperature PL peaks at 3.31 and 3.22 eV have been attributed to the TO and TO + LO phonon replica of donor bound excitons [23, 26] . Fonoberov et al [27] attributed the PL peak around 3.31 eV observed at low temperature (T < 150 K) in ZnO nanocrystals to acceptor bound excitons (A 0 , X). They suggested that zinc vacancies or surface defects could act as acceptor impurities. Fallert et al [28] assigned the same PL peak (around 3.31 eV), observed in ZnO powders at 5 K, to excitons bound to defect states at the particle surface. The PL peak at 3.22 eV, recorded at 4.2 K, has been assigned to donor-acceptor pair transitions involving a shallow donor and a shallow acceptor [29] . The emission at 3.26 and 3.18 eV could be due to LO phonon replicas of the donor bound exciton [30] .
We now turn our attention to the emission peak at 2.97 eV. We attribute this peak to the transition of a free electron to the neutral acceptor (figure 2). In the PL experiment, abovegap light excites electrons into the conduction band. Electrons then fall from the conduction-band minimum to the acceptor level, emitting a photon of energy 3.43 − 0.46 = 2.97 eV. This PL peak supports the argument that ZnO nanocrystals contain acceptors, based on IR and electron paramagnetic resonance measurements [13] , with a hole binding energy of 0.46 eV.
In conclusion, we have studied the defect and surface properties of ZnO nanocrystals, using IR and PL spectroscopy, and developed an energy-level scheme to explain the observations. The measured activation energy (0.08 eV) of the acceptors suggests a band of surface states 0.38 eV above the valence-band maximum, in reasonable agreement with theoretical predictions (0.5 eV) [18] . The presence of surface states also explains the observed red luminescence band centered at 1.84 eV. The PL emission at 2.97 eV is consistent with an acceptor binding energy of 0.46 eV. While 0.46 eV is too deep to achieve bulk p-type doping, the low activation energy for exciting holes to the surface states raises the intriguing possibility of p-type surface conduction.
